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JNK1 Is Required for Maintenance of Neuronal
Microtubules and Controls Phosphorylation
of Microtubule-Associated Proteins
MAP1, MAP2, and Tau (Desai and Mitchison, 1997; Hiro-
kawa et al., 1998; Goldstein and Yang, 2000). The ability
of MAPs to modulate MTs may be regulated by their
phosphorylation (Vallee, 1980). In vitro, MAP2 is effi-
ciently phosphorylated by several protein kinases, in-
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subcellular organelles and newly synthesized proteins
within neuronal extensions requires MT integrity and
MT-dependent motor proteins, such as kinesin (Brady
Summary et al., 1985; Vale et al., 1985; Goldstein and Yang, 2000).
Members of the JNK group of MAPKs were suggested
Microtubules (MTs) play an important role in elabora- to be involved in kinesin-mediated intracellular transport
tion and maintenance of axonal and dendritic pro- (Bowman et al., 2000). The JNK isoforms of mammals
cesses. MT dynamics are modulated by MT-associ- are encoded by three Jnk genes (Jnk1, Jnk2, and Jnk3)
ated proteins (MAPs), whose activities are regulated that are subject to differential transcription termination
by protein phosphorylation. We found that a member and alternative splicing (Kallunki et al., 1994; Gupta et
of the c-Jun NH2-terminal protein kinase (JNK) sub- al., 1996). JNK activity is rapidly elevated in response to
group of MAP kinases, JNK1, is involved in regulation diverse extracellular stimuli through specialized MAPK
of MT dynamics in neuronal cells. Jnk1/ mice exhibit cascades (reviewed in Chang and Karin, 2001). Young
disrupted anterior commissure tract formation and a mice deficient in any single Jnk gene do not exhibit
progressive loss of MTs within axons and dendrites. obvious phenotypes unless challenged by environmen-
MAP2 and MAP1B polypeptides are hypophosphory- tal stress (Chang and Karin, 2001). However, mice lack-
lated in Jnk1/ brains, resulting in compromised abil- ing both JNK1 and JNK2 isoforms exhibit late embryonic
ity to bind MTs and promote their assembly. These lethality and neural tube closure defects (Kuan et al.,
results suggest that JNK1 is required for maintaining 1999; Sabapathy et al., 1999). In fibroblasts, JNK1 and
the cytoskeletal integrity of neuronal cells and is a JNK2 are required for normal fibroblast proliferation and
critical regulator of MAP activity and MT assembly. cell cycle progression (Tournier et al., 2000), probably
through their requirement for proper c-Jun synthesis
(Schreiber et al., 1999). JNK-mediated c-Jun inductionIntroduction
is also required for proper cell cycle reentry in UV-irradi-
ated fibroblasts (Shaulian et al., 2000; Tournier et al.,Dynamic assembly and disassembly of MTs is essential
2000). By contrast, prolonged JNK activation and c-Junfor a variety of cellular functions, such as maintenance
overexpression can result in apoptosis (Shaulian andof cell morphology and polarity, cell division, cell loco-
Karin, 2002). The proapoptotic effect of prolonged JNKmotion, and intracellular trafficking (Kirschner and
activation is evident in certain types of neuronal cellsMitchison, 1986). Yet, the physiological determinants of
(Xia et al., 1995; Le-Niculescu et al., 1999). For instance,MT stability and spatial organization, which vary exten-
excitotoxic stimulation results in potent, long-lastingsively between different cell types, are not known. The
JNK activation and apoptosis of neuronal cells at thecentral nervous system (CNS) requires extensive control
CA1 layer of the hippocampus (Yang et al., 1997). Thisof nerve fiber growth, synaptic connections, and neu-
does not occur in mice lacking the Jnk3 gene (Yang etronal plasticity (Tessier-Lavigne and Goodman, 2000).
al., 1997) or in mice that express a mutant form of c-Jun
Indeed, MTs are particularly abundant in neurons (El-
lacking JNK phosphorylation sites (Behrens et al., 1999).
lisman and Porter, 1980), where they play an essential
Other studies support a neuroprotective role for JNK.
role in organization, extension, and maintenance of axo- Cerebellar granule neurons (CGNs) and adult brains ex-
nal and dendritic processes (Kirschner and Mitchison, hibit constitutive JNK activation without causing apo-
1986). MTs are cylindrical polymers built from hetero- ptosis in the absence of harmful stimuli (Xu et al., 1997;
dimers of - and -tubulin (Weisenberg et al., 1968), Coffey et al., 2000). Long-lasting c-Jun N-terminal phos-
whose polymerization is modulated by MT-associated phorylation induced in response to ischemia-reperfu-
proteins (MAPs) (Lewis et al., 1989; Desai and Mitchison, sion does not always lead to neuronal cell death (Herde-
1997). MAPs include MT motor proteins, kinesin, and gen et al., 1998), and both increased and decreased
dynein, as well as MT assembly-promoting proteins, neuronal apoptosis were detected in different regions
of the neural tube of Jnk1/Jnk2/ embryos (Kuan et
al., 1999; Sabapathy et al., 1999).*Correspondence: karinoffice@ucsd.edu
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Following activation by specific JNK kinases (JNKKs, JNK1 is not required for embryonic development of AC
fibers. A detailed examination of wt and Jnk1/ miceMKK4, and MKK7), a portion of the activated JNK pool
enters the nucleus, resulting in phosphorylation of the at different time points between P6 and P15 revealed
an almost complete loss of AC fibers by P12 (Figure 2A).transcriptional activation domains of several transcrip-
tion factors, including c-Jun, ATF-2, and Elk-1 (Karin, Electron microscopic (EM) examination did not reveal
difference in the number and diameter of aAC axons1995; Gupta et al., 1996). However, in differentiating
cultured CGNs, JNK polypeptides are localized predom- between wt and Jnk1/ mice at P7 (Figure 2B). How-
ever, the axons of Jnk1/ pAC at that age had becomeinantly in extranuclear compartments (cell bodies and
neurite bundles) (Coffey et al., 2000) and are transported swollen compared to wt axons (Figure 2B). Disrupted
and fragmented MTs within Jnk1/ pAC axons com-along axons in vivo (Fernyhough et al., 1999). Addition-
ally, JNK activity is elevated in response to MT reorgani- pared to wt were readily detected by EM (Figure 2B).
zation (Yujiri et al., 1999), and some activators of the
JNK cascade, such as MEKK1, are associated with MTs Jnk1/ Mice Exhibit Axonal Degeneration
(Yujiri et al., 1999, 2000). These observations suggest in Spinal Cord and Dendritic Alterations
that in addition to its nuclear function, JNK may also be in the Hippocampus
involved in cytoskeletal regulation. Careful examination suggested that Jnk1/ AC axons
We now present evidence implicating JNK1 in the degenerated before the onset of myelination (Figure 2B).
physiological regulation of MAP2 and MAP1B activity Therefore, the loss of AC tracts in Jnk1/ mice is pre-
and MT dynamics in the CNS. We found that JNK1- sumably not due to a myelination defect. To further in-
deficient mice exhibit progressive degeneration of long vestigate myelination in Jnk1/ mice, we used EM to
nerve fibers and loss of MT integrity in dendrites. Den- examine the white matter of the spinal cord, which con-
dritic degeneration of neuronal MTs is associated with sists primarily of myelinated nerve fibers. As shown in
hypophosphorylation of MAP2 and its reduced ability Figure 3A, Jnk1/ mice exhibited normal myelination
to promote tubulin polymerization. at 1 month of age. At 3 months, however, numerous
small-size myelinated axons were present in the wt but
many degenerated axons were detected in age-Results
matched Jnk1/ spinal cords (Figure 3A). The demyelin-
ated axons in Jnk1/ spinal cords outnumbered theDegeneration of the Anterior Commissure
in Jnk1 Null Mice myelinated ones and some of them accumulated swol-
len mitochondria. At 8 months, Jnk1/ spinal cord ax-To determine whether any of the JNK isozymes is in-
volved in development, organization, and maintenance ons were surrounded by loosely compacted myelin and
appeared to contain fewer mitochondria than age-of homeostasis in the CNS, Jnk1/ and Jnk2/ mice
were subjected to a detailed neuro-anatomical examina- matched wt control (Figure 3A). Interestingly, some of
the Jnk1/ axons displayed an abnormally large diame-tion at 3 months of age. The mice used in these studies
were backcrossed to the C57BL/6J strain for at least ter accompanied by massive accumulation of tightly
packed neurofilaments (NFs) (Figure 3A), which wereseven generations and can therefore be considered of
almost uniform genetic background. Although no obvi- also revealed by immunostaining with antibody to NF-H
(data not shown). Axons in the neocortex and hippocam-ous macroscopic abnormalities were detected, serial
sagittal sections of dissected brains revealed that a spe- pus of Jnk1/ mice also exhibited progressive demye-
lination, but the extent of this abnormality was less se-cific set of axons forming the anterior commissure (AC)
was lost in Jnk1/ but not in wild-type (wt) or Jnk2/ vere than in the spinal cord (data not shown). In
comparison to age-matched wt mice, significant den-brains (Figures 1A–1C). The AC, a major interhemi-
spheric connection between the two temporal lobes of dritic alterations were also observed in Jnk1/ hippo-
campus (Figure 3B). At 8 months, Jnk1/ dendritesthe cerebral cortex, is composed of two axon tracts: one
with a horseshoe shape that connects the two olfactory within the hippocampus became vacuolized and less
extended compared to wt controls (Figure 3B).bulbs (pars anterior, aAC), and another that projects
laterally between the two temporal lobes (pars posterior,
pAC) (Johnston, 1913). Serial coronal sections also re- Jnk1/ Mice Display Disorganized Neuronal MTs
vealed the disruption of both the aAC and pAC tracts To examine whether the MT organization in Jnk1/ neu-
in Jnk1/ brains (Figures 1E–1L). No such abnormalities rons is altered, electron microscopic tomography (EMT)
were observed in wt, Jnk2/, or Jnk1/Jnk2/ brains was carried out on 0.5-m-thick sections of 1-month-
of the same genetic background (Figure 1), strongly sug- old frontal cortex dendrites. EMT provides high-resolu-
gesting that a loss of the AC is correlated with the dele- tion fine structural data in three dimensions (3D),
tion of JNK1. allowing examination of the relationships between su-
pramolecular complexes, organelles, and cell processes
(Hessler et al., 1992). In the present work, EMT verifiedJNK1 Is Not Required for Anterior Commissure
Axon Formation the propensity of MTs to be abnormally short in Jnk1/
mice (Figure 4A). Tissue blocks were aligned while sec-To understand whether loss of the AC in Jnk1/ brains
is due to degeneration later in life or defective axonogen- tioning so as to reveal the MTs in each section to be as
parallel to the cutting surface as possible. As shown inesis during embryonic development, we analyzed neo-
natal brains by serial sectioning. Both Jnk1/ aAC and Figure 4A, panel c, most of MTs in the tomographic
volume sampled from wt dendrites started and stoppedpAC fibers were indistinguishable from those of wt con-
trols at postnatal day 6 (P6) (Figure 2A), suggesting that at the cutting surfaces of the section, indicating that a
JNK1 and Microtubule Stability
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Figure 1. The Anterior Commissure Is Absent in Jnk1/ Adult Mice
H&E stained sagittal (A–D) and coronal sections at the levels of the anterior (E–H) and posterior (I–L) parts of the anterior commissure from
wt, Jnk1/, Jnk2/, and Jnk1/Jnk2/ adult mice (n  8 for each genotype). The anterior (aAC, arrow) and posterior (pAC, arrowhead)
components of the anterior commissure are indicated. Magnification 4.
small portion of a larger MT was mostly included. In Reduced MAP2 Phosphorylation in Jnk1/ Mice
We examined whether JNK1 is directly involved in regu-contrast, many of the MTs from Jnk1/ dendrites ended
within the tomographic volume (Figure 4A, panel d), lation of MT stability. Partially purified MT preparations
were phosphorylated by recombinant JNK1 added to-strongly suggesting that MTs from Jnk1/ dendrites are
generally much shorter than those in wt. A quantitative gether with JNKK1 to ensure its activation and were
resolved by two-dimensional (2D) gel electrophoresisanalysis showed that MT distances in the wt (0.62 
0.06 m) corresponded closely to the extent of volume (Figure 5A). A group of acidic polypeptides with molecu-
lar weights ranging from 230 to 30 kDa were phosphory-observed, whereas most of MT segments in Jnk1/
mice were shorter than half of the length of the area lated in a JNK1-dependent manner (Figure 5A, panel a).
These proteins were only weakly phosphorylated uponobserved (0.24  0.03 m). These findings indicate that
MTs tend to be very short and probably unstable in addition of JNKK1 without exogenous JNK1. Immu-
noblotting revealed that some of the polypeptides mi-Jnk1/ mice.
Immunohistochemical analysis using a specific anti- grating between 230 and 70 kDa were recognized by a
MAP2-specific antibody (Figure 5A, panel d). Mamma-body to MAP2 revealed an irregular dendritic pattern in
8-month-old Jnk1/ mice in comparison to age- lian brain MAP2 is present in several isoforms generated
by alternative splicing: a high molecular mass groupmatched wt controls (Figure 4B, panels a and b). Exten-
sively fragmented axons were also observed in Jnk1/ (200 to 250 kDa, HMWMAP2), corresponding to MAP2A
and MAP2B, and a low molecular mass group (70 to 75neocortex using the standard MT marker -tubulin,
whereas age-matched wt axons were intact and nicely kDa, LMWMAP2), corresponding to MAP2C and MAP2D
(Lewis et al., 1988). The polypeptides migrating betweenextended (Figure 4B, panels c and d). Disruption of MTs
may impede delivery of proteins and organelles by axo- 184 and 70 kDa might reflect breakdown of HMWMAP2
during sample preparation. A similar assay carried outnal and dendritic transport mechanisms, thereby re-
sulting in neuronal degeneration (Goldstein and Yang, with purified HMWMAP2 as a substrate revealed that
MAP2 was more efficiently phosphorylated by JNK1 in2000). We found that a well-established marker for neu-
ronal degeneration, phosphorylated Tau (Kosik et al., comparison to JNK2 (Figure 5B). Partially purified MAP1
polypeptides migrating at 270 kDa and recognized by1986), was more readily detected in 8-month-old Jnk1/
brains in comparison to age-matched wt brains (Figure anti-MAP1B antibody were also efficiently phosphory-
lated by JNK1 (Figure 5C). The Michaelis constant (Km)4B, panels e and f). Similar results were obtained by
immunoblot analysis of 8-month-old wt and Jnk1/ of JNK1 toward HMWMAP2 was 7-fold lower than that of
JNK2 (data not shown), suggesting that at low substratebrain extracts with the same antibody (data not shown).
Progressive neurodegeneration in Jnk1/ mice is sup- concentrations JNK1 is likely to be the predominant
MAP2 kinase. A similar situation was observed forported by behavioral studies revealing reduced learning
and memory ability in 8-month-old animals (L.C., J. MAP1B as a substrate (data not shown). To examine a
physical interaction between JNK1 and these proteins,Long, and A. Wynshaw-Boris, unpublished results).
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Figure 2. JNK1 Is Required for Postnatal Maintenance of the Anterior Commissure
(A) H&E stained coronal sections of representative wt and Jnk1/ brains at P6 (n  4 for each genotype) and P12 (n  5 for each genotype).
The anterior (aAC) and posterior (pAC) components of the anterior commissure are indicated by arrows. Magnification 4.
(B) Electron micrographs of crosssections of aAC axons (a and b) and longitudinal sections of pAC axons (c and d) from wt and Jnk1/
brains at P7. Note the loss of MTs (red arrows) in axons of Jnk1/ pAC. Scale bar equals 1 m.
we performed coimmunoprecipitation experiments (Fig- These results strongly suggest that JNK1 is a MAP2
kinase. To examine whether JNK1 may contribute toure 5D). Both MAP2 and MAP1B were coimmunoprecipi-
tated with JNK1 from soluble MT preparations (Figure MAP2 phosphorylation, we carried out in vitro 32P label-
ing of brain homogenates derived from 3-week-old wt5D, lanes 2 and 4), but not actin (lane 6) or -tubulin
(lane 8). Vice versa, specific antibodies to either MAP2 and Jnk1/ mice. The overall labeling of HMWMAP2
in Jnk1/ homogenates was 3.3-fold lower than in wtor MAP1B also brought down JNK1 (lanes 11 and 13).
No JNK1 protein was precipitated by anti-actin antibody homogenates (Figure 6A). Chymotrypsin digestion re-
vealed that most of the phosphorylation of HMWMAP2(lane 15), strongly suggesting that the association be-
tween JNK1 with MAP2 or MAP1B is specific. Immu- in the wt homogenate occurred on a 9.1 kDa polypeptide
that corresponds in size to one of the major chymotryp-noblotting of brain extracts and soluble MT preparations
with an antibody recognizing both JNK1 and JNK2 re- tic phosphopeptides derived from HMWMAP2 that was
phosphorylated by purified JNK1 (Figure 6A). Labelingvealed that only JNK1 is present in the MT preparation
(Figure 5E, lane 2). of this peptide was considerably reduced in HMWMAP2
JNK1 and Microtubule Stability
525
Figure 3. Axonal and Dendritic Degeneration in Spinal Cord and Hippocampus of Jnk1/ Mice
(A) Electron micrographs of dorsal white matter from cervical spinal cords of wt and Jnk1/ 1- to 8-month-old mice (n  2–3 for each
genotypes at each time point). Note the progressive axonal atrophy in Jnk1/ mice. Myelinated (asterisks) and unmyelinated (red arrows)
axons, small myelinated axons (blue arrowheads), demyelinated axons (red arrowheads) containing swollen mitochondria (m), and degenerating
axons (black arrowheads) with loosely compacted myelin sheaths (green arrowheads) are indicated. Scale bar equals 1 m.
(B) Electron micrographs of dendrites in the hippocampus of the same mice examined in (A). Dendrites with normal organization of MTs
(arrowheads), dendrites with disrupted MTs (asterisks), and vacuolized dendrites (arrows) are indicated. Scale bar equals 1 m.
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Figure 4. Cytoskeletal Abnormality in Jnk1/ Neurons
(A) Tomographic reconstruction of MTs within 1-month-old wt and Jnk1/ neocortex dendrites. (a and b) One of many computer-generated
slices through the tomographic volume showing MTs. Scale bar equals 0.09 m. (c and d) The three-dimensional pattern of MTs viewed with
electron tomographic reconstruction. Colors were chosen manually for a given MT. MTs within the thick EM section were traced from
equivalently sized and oriented regions of dendrites from wt and Jnk1/ frontal cortex. The numbers and locations of starts and stops for
MTs were tabulated from the reconstructed tomographic volume. The locations of these starts and stops were examined to determine if MTs
were ending as they left the cut surface of the section or just stopped within the section. Stops within the section were commonly observed
in Jnk1/ mice but not in wt control mice.
(B) Immunohistochemical analysis of MAP2, -tubulin, and phosphorylated Tau in 8-month-old wt and Jnk1/ neocortex. Cells stained with
anti-MAP2 antibody were visualized with Cyanine 3 (red). Nuclei were counterstained with DAPI (blue). Cells stained with anti--tubulin or
anti-phosphorylated Tau antibodies were visualized with DAB and Fluorescein (green), respectively. Neuronal cell bodies (arrowheads) and
neuritic processes (brackets) stained with anti--tubulin are indicated. Magnification 40 for (a)–(d) and 63 for (e) and (f).
from the Jnk1/ homogenate. These results suggest of MAP1B was also apparent in Jnk1/ brain extracts
compared to wt control (Figure 6C).that JNK1 is a major MAP2 kinase or is required for
activation of a major MAP2 kinase. To further analyze the phosphorylation state of MAP2
polypeptides derived from wt and Jnk1/ mice, brainWe extended this analysis by examining the phos-
phorylation state of MAP2 from 3-week-old wt and extracts from 1-month-old mice were heat treated and
fractionated on a Superdex 200 gel filtration column.Jnk1/ brain extracts by 2D gel electrophoresis. The
amounts of acidic MAP2 polypeptides, especially those Similar elution profiles were observed for the wt and
Jnk1/ extracts, indicating similar size distribution ofcorresponding to HMWMAP2, were considerably reduced
in Jnk1/ brains (Figure 6B). This was associated with MAP2 isoforms (Figure 6D). To avoid analysis of proteo-
lyzed derivatives generated during sample processing,increased levels of basic HMWMAP2 and LMWMAP2
polypeptides in Jnk1/ brain. The migration of internal fractions containing predominantly HMWMAP2 were
collected, concentrated, and used in subsequent experi-control actin polypeptides was unaltered in Jnk1/
brains (see Supplemental Figure S1A at http://www. ments. Examination of the MAP2 peptide sequence re-
vealed that most potential CNBr cleavage sites aredevelopmentalcell.com/cgi/content/full/4/4/521/
DC1). Treatment of wt brain extracts with alkaline phos- within the central domain (CD) of HMWMAP2 (see Sup-
plemental Figure S1B at http://www.developmentalcell.phatase resulted in an even more dramatic conversion
of acidic MAP2 isoforms to basic isoforms, similar to com/cgi /content/ full /4 /4 /521/DC1) . Phosphopeptide
mapping analysis revealed most of the CNBr phospho-those present in Jnk1/ extracts (Figure 6B). Interest-
ingly, reduced phosphorylation of the 34 kDa LC1 form peptides of HMWMAP2 phosphorylated by JNK1 are
JNK1 and Microtubule Stability
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Figure 5. MAP2 and MAP1B Are Substrates for JNK1
(A) Partially purified MTs were incubated with recombinant JNK1 and JNKK1 plus [	-32P]ATP for 20 min as indicated. GST-cJun(1-79) (arrowhead)
was included as an indicator of JNK activity. Radiolabeled proteins were resolved by 2D gel electrophoresis, transferred to a membrane, and
autoradiographed. Phosphorylation of some proteins, such as tubulin (asterisk), was JNK independent. The bottom panel (d) shows an
immunoblot of the membrane from the top panel (a) probed with anti-MAP2 antibody (Blot: MAP2). The arrows indicate the position of MAP2
in each of the gels.
(B) Preferential MAP2 phosphorylation by JNK1. Increasing amounts of purified HMWMAP2 (0, 0.5, 2, 4 g) were incubated with the same
amount of activated JNK1 or JNK2 proteins in the presence of [	-32P]ATP for 30 min. After gel electrophoresis the proteins were transferred
to a membrane that was probed with an anti-MAP2 antibody (Blot: MAP2), as well as subjected to autoradiography.
(C) A similar kinase assay was performed, using chromatographically purified MAP1B as well as MAP2 polypeptides as substrates. In addition
to autoradiography, the membrane was sequentially probed with anti-MAP1B (Blot: MAP1B) and anti-MAP2 (Blot: MAP2) antibodies.
(D) Coimmunoprecipitation of MAP2 or MAP1B with JNK1. Soluble MT preparations from wt mice were immunoprecipitated (IP) with antibodies
to MAP2 (Sigma), MAP1B (Sigma), and JNK1 (Pharmagen), as well as with control antibodies to actin and-tubulin. The disrupted immunoprecip-
itates and the original MT preparation were resolved on 3%–8% Tris-Acetate gradient gels (Invitrogen) and blotted with antibodies to JNK1,
MAP2, MAP1B, actin, and -tubulin (Santa Cruz Biotech) as indicated at the bottom of the panel.
(E) JNK1 is present in MT preparations. Brain extracts (lane 1) and soluble MT preparations (lane 2) were gel separated and immunoblotted
with an antibody to both JNK1 and JNK2 (Pharmagen). The migration position of the IgG heavy chain is indicated.
smaller in size than LMWMAP2, suggesting that most concentrations (Vallee, 1986). We examined binding of
JNK1 phosphorylation sites are also located at the CD wt- and Jnk1/-derived HMWMAP2 to MTs. In the ab-
region of HMWMAP2 (see Supplemental Figure S1C). sence of NaCl, 50% less Jnk1/-derived MAP2 bound
Two-dimensional gel electrophoresis of CNBr fragments to paclitaxel-stabilized MTs than wt-derived MAP2. In
of wt- and Jnk1/-derived HMWMAP2 revealed that addition, Jnk1/-derived MAP2 was more readily re-
the CNBr fragment of Jnk1/-derived MAP2 were more leased from MTs than wt-derived MAP2 at high salt
basic than the equivalent fragments derived from wt concentrations (Figure 7A). Incubation with activated
brain (Figure 6E). Incubation of Jnk1/-derived MAP2 JNK1 restored the ability of Jnk1/-derived HMWMAP2
with activated JNK1 restored its phosphorylation to levels to bind MTs (Figure 7B).
similar to those of the wt-derived protein (Figure 6E). The reduced MT binding activity of Jnk1/ MAP2 may
affect its polymerization-promoting activity. We used
light scattering analysis to examine the ability of MAP2Defective MT Binding and Assembly Promoting
to promote polymerization of purified tubulin. Wild-type-Activities of Jnk1/ MAP2
derived HMWMAP2 induced a rapid and dramatic as-Binding to MTs is a prerequisite for regulation of MT
sembly of MTs in a dose-dependent manner (Figure 7C).dynamics by MAP2 (Lewis et al., 1988). MAP2 is released
from stabilized MTs by incubation with increasing salt HMWMAP2 from Jnk1/ brains exhibited only 40% to
Developmental Cell
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Figure 6. Reduced MAP2 Phosphorylation in Jnk1/ Brain
(A) Phosphopeptide mapping of in vitro phosphorylated MAP2. Homogenates of brains from 3-week-old wt and Jnk1/ mice were incubated
with [	-32P]ATP at 30
C for 30 min and then resolved on 7.5% SDS-PAGE followed by immunoblotting with anti-MAP2 antibody (Blot:
MAP2) and autoradiography (top panel). The 32P-labeled HMWMAP2 bands were excised and digested with chymotrypsin along with purified
HMWMAP2 (MAP2) that was in vitro phosphorylated by purified JNK1. The digests were resolved on 24% Tris-Tricine gels and visualized by
autoradiography.
(B) Reduced MAP2 phosphorylation in Jnk1/ brains. Extracts of brains from 3-week-old wt and Jnk1/ mice were incubated without or
with calf intestinal alkaline phosphatase (CIAP) prior to 2D gel electrophoresis. The proteins were transferred to membranes and immunoblotted
with anti-MAP2 antibody.
(C) Reduced phosphorylation of MAP1B in Jnk1/ brains. The blots described above were reprobed with anti-MAP1B antibody. Shown is
only a segment of the entire membrane revealing the phospho-isoforms of the 34 kDa LC1 fragment of MAP1B.
(D) Purification of MAP2 from wt and Jnk1/ brains. The heat-soluble fractions of brain extracts from 1-month-old wt and Jnk1/ mice were
fractionated on a Superdex 200 gel filtration column. Fraction numbers are indicated at the top, Mr markers on the right. The presence of
MAP2 in each fraction was determined by immunoblotting.
(E) Analysis of the phosphorylation state of purified MAP2. HMWMAP2 purified from either wt or Jnk1/ brains incubated without or with
activated JNK1 was cleaved with CNBr and analyzed by 2D gel electrophoresis. The resulting CNBr fragments were visualized by silver
staining.
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Figure 7. Defective MT Binding and Assembly Promoting Activity of Jnk1/-Derived MAP2
(A) Salt desorption of MAP2 from MTs. HMWMAP2 proteins isolated from wt and Jnk1/ brains were tested for their ability to bind MTs.
Equal amounts of HMWMAP2 polypeptides were incubated with tubulin at 37
C in the presence of 20 M paclitaxel for 20 min. After addition
of NaCl to the indicated concentrations, the samples were incubated for 10 min and centrifuged through a 10% sucrose cushion to separate
assembled MTs in the pellet (P) from unpolymerized tubulin in the supernatant (S). Aliquots of each fraction were examined for polymerized
and unpolymerized tubulin by immunoblotting with anti-tubulin antibody or for bound and unbound MAP2 with anti-MAP2 antibody.
(B) Reconstitution of MT binding activity of Jnk1/-derived MAP2 by JNK1. Jnk1/-derived MAP2 was incubated with increasing amounts
of activated JNK1 plus [	-32P]ATP and analyzed for MT binding as described without addition of NaCl. The top panel is an autoradiogram of
the phosphorylated HMWMAP2.
(C) Effect of MAP2 phosphorylation on the MT assembly and promoting activity. Pure tubulin was incubated with various amounts of MAP2
partially purified from wt or Jnk1/ brains in the absence or presence of activated JNK1. MT assembly was monitored by light scattering.
(D) The reaction mixtures from (C) were collected after 20 min of polymerization and centrifuged through a 10% sucrose cushion and analyzed
by immunoblotting with anti-MAP2 (Blot: MAP2) and anti-tubulin (Blot: Tubulin) antibodies. Shown are the results that compare the ability of
0.2 mg/ml wt- and Jnk1/-derived MAP2 to promote MT assembly. HMWMAP2 phosphorylated by the indicated amounts of activated JNK1
in the presence of [	-32P]ATP was visualized by autoradiography. P, pellet; S, supernatant.
50% of the MT assembly promoting activity of wt-derived MAPK term (Cobb et al., 1991; Sanchez et al., 2000),
there was no direct evidence heretofore that MAPKsMAP2. Incubation with activated JNK1, which restored
HMWMAP2 phosphorylation (Figure 6E), accelerated are involved in phosphorylation of a given MAP and
regulation of neuronal MT assembly in vivo. We foundthe rate of MT assembly promoted by Jnk1/-derived
HMWMAP2 (Figure 7D). Activated JNK1 did not promote that mice deficient in JNK1 exhibit a progressive and
age-dependent alteration of axons and dendrites asso-tubulin polymerization in the absence of MAP2 (data not
shown). These results were verified by immunoblotting ciated with pronounced loss of MTs. These observations
led us to identify a potentially important role for JNK1(Figure 7E). Therefore, JNK1-dependent phosphoryla-
tion increases the MT binding and assembly promoting in regulation of MT assembly in neuronal cells.
activities of HMWMAP2.
A Neuronal Function for JNK1
Despite extensive functional overlap, individual JNK iso-Discussion
forms may have distinct functions (Chang and Karin,
2001; Hirosumi et al., 2002). Here, we show that JNK1,Our principal finding is that JNK1 is required for mainte-
nance of MAP2 phosphorylation and for enhancing its but not JNK2 or JNK3 isoforms, is important for main-
taining MT integrity in axons and dendrites during matu-MT binding and assembly promoting activities. Although
MAPs were known to be efficient in vitro substrates for ration and aging of the CNS. In addition, JNK1 is a more
efficient MAP2 kinase than JNK2 and is preferentiallyMAPKs for quite some time and even contributed to the
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associated with neuronal MTs. Despite the normal ap- MAP2 is composed of three different domains: the
pearance of young Jnk1/ mice, adult Jnk1/ mice CD at the N-terminal region, unique to HMWMAP2, a
exhibited progressive learning impairment and motor proline-rich domain (PRD), and a tubulin binding domain
defects revealed by behavioral tests (L.C., J. Long, and (TBD) at the C-terminal region, which are present in
A. Wynshaw-Boris, unpublished results) and as shown both HMWMAP2 and LMWMAP2 (Lewis et al., 1988).
here—progressive degeneration of axonal and dendritic Examination of the MAP2 amino acid sequence reveals
processes. These alterations are accompanied by MT more than 20 canonical MAPK phosphorylation sites
destabilization, which could be an important contribut- located mainly within the CD. This is consistent with
ing factor to the observed defects. Further analysis of phosphopeptide mapping, which shows that most of
the basis for this defect led to identification of the MT the sites phosphorylated by JNK1 in vitro are located
assembly-promoting factor MAP2 as a specific JNK1 within the CD (Figure 6E and see Supplemental Figure
target. S1C at http://www.developmentalcell.com/cgi/content/
The genetic background of the mice can have a strong full/4/4/521/DC1). Although the loss of JNK1 results in
effect on phenotype. In this study, the mice were of a a marked decrease in HMWMAP2 phosphorylation, we
predominantly C57BL/6 (seven backcrosses) back- also find decreased phosphorylation of LMWMAP2 in
ground. Unlike the 129sv strain, the C57BL/6J strain Jnk1/ brains at P6, the stage at which LMWMAP2
does not exhibit agenesis in either the AC or the corpus expression is still abundant (see Supplemental Figure
callusom and is considered to be one of the healthiest S1C). Thus, some JNK1 phosphorylation sites are out-
inbred strains (Wahlsten, 1989). Although aging studies side the CD. Loss of JNK1-dependent phosphorylation
in C57BL/6 mice have shown dendritic changes in me- is associated with decreased HMWMAP2 binding to
dium spiny I (MSI) striatal neurons, such changes cannot MTs. In vitro, JNK1-dependent phosphorylation clearly
be detected until 25–30 months of age (McNeill et al., enhances the ability of HMWMAP2 to bind MT and pro-
1990). Thus, the earlier degeneration of AC and other mote their assembly. It should also be noted that re-
neuronal structures of Jnk1/ mice must be primarily duced MAP2 phosphorylation precedes any overt signs
due to loss of JNK1 expression and not to secondary of neurodegeneration (see Supplemental Figure S1D).
effects of the aging process or genetic background. Thus, it is rather unlikely that hypophosphorylation of
MAP2 is a consequence of neurodegeneration.
JNK1 as a MAP2 Kinase JNK2 shares 83% amino acid sequence identity with
MAP2 as well as other MAPs are highly phosphorylated JNK1 (Kallunki et al., 1994). Surprisingly, JNK2 does not
in adult brain (Vallee, 1980; Sanchez et al., 2000), sug- phosphorylate MAP2 as efficiently as JNK1 (Figure 5B)
gesting that their phosphorylation may play an important and its loss has no effect on neuronal MT organization.
role in regulation of MT dynamics. MAPKs phosphory- Although we cannot explain the basis for the different
late MAP2 and other MAPs very efficiently in vitro (Cobb activity of these two closely related kinases to phos-
et al., 1991; Sanchez et al., 2000), but their physiological phorylate MAP2, it should be noted that alternatively
involvement in regulation of MAP activity was not here- spliced forms of JNK differ in their ability to phosphory-
tofore explored. Our results suggest that JNK1 is in- late c-Jun due to the presence of different substrate
volved in the physiological regulation of MT dynamics docking sequences (Kallunki et al., 1994). The observed
through phosphorylation of MAP2. Unlike ERK and p38 differences in MAP2 phosphorylation (Figure 5B) and
MAPKs, the JNKs are not known to activate subordinate the absence of JNK2 from MT preparations that contain
kinases, and our results showing reduced phosphoryla- JNK1 (Figure 5E) are consistent with the finding that
tion of MAP2 in brains of Jnk1/ mice strongly suggest JNK1 is uniquely required for MAP2 phosphorylation
that JNK1 is a direct MAP2 kinase. This hypothesis is and maintaining neuronal MT integrity.
supported by the ability of JNK1 to coprecipitate with JNK1 can also phosphorylate and associate with
MAP2 (Figure 5D) and restore the MT binding and as-
MAP1B (Figure 5D). Gene-targeting experiments sup-
sembly promoting activities of Jnk1/-derived MAP2
port the importance of both MAP1B and MAP2 in regula-
(Figure 7). Although it is formally possible that JNK1 may
tion of MT function. Due to a functional redundancyaffect MAP2 through another kinase, the present results
among MAPs, mice lacking MAP2 (Teng et al., 2001)indicate that JNK1 contributes to maintenance of MAP2
or MAP1B (Takei et al., 1997) do not exhibit obviousphosphorylation in normal mouse brain and may regu-
abnormalities in neuronal architecture, but mice null forlate its ability to promote MT assembly. While JNK1
both MAP2 and MAP1B exhibit abnormal MT organiza-polypeptides are expressed in all cell types, the MT
tion in both dendrites and axons and defective AC for-assembly defects described here appear to be neuronal
mation (Teng et al., 2001). Due to early postnatal lethal-specific. This is probably due to the high abundance of
ity, it cannot be determined whether Map1B/Map2/MAP2 in neuronal cells and the extremely important
mice develop a chronic neuropathy similar to the onerole of MT stabilization in maintaining neurite extensions
observed in Jnk1/ mice.(Lewis et al., 1989; Desai and Mitchison, 1997). MAPK
signaling to MAPs is also involved in regulation of the MT
Mechanisms of Neuropathogenesiscytoskeleton in nonneuronal cells in various contexts,
Cytoskeletal disruptions accompanied by neurofilamen-especially during cytokinesis (Minshull et al., 1994; Tak-
tous accumulations are a hallmark of several neurode-enaka et al., 1998), but the mechanism underlying this
generative diseases (Wisniewski and Terry, 1976). Jnk1/function of MAPKs is not clear. Given the ubiquitous
mice also develop disruption of neuronal MTs followedexpression of JNK1, it will be interesting to determine
by accumulation of neurofilaments (Figure 3). Could de-its role in regulation of MT dynamics in nonneuronal
cells. stabilized MTs account for the neuropathy observed in
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post-fixed overnight in same fixative and sectioned (25 m thick)Jnk1/ mice? Proteins required for neuronal survival
on a Vibratome. Sections were stained with hematoxylin and eosinmust be transported along axons by MT-dependent mo-
(H&E) or incubated for 1 hr at room temperature in a blocking solu-tor proteins (Hirokawa et al., 1998; Goldstein and Yang,
tion, followed by incubation with primary antibody for 2 days at 4
C.
2000). Destruction of stable MTs may result in break- Primary antibodies were mouse anti-MAP2 (Sigma), mouse anti-
down of this intracellular transport system, leading to -tubulin (Sigma), and mouse anti-phosphoSer202-Tau (AT8, Inno-
genetics). Biotinylated anti-mouse secondary antibodies (Vectoraccumulation of transported proteins, such as neurofila-
laboratory; 1:400 dilution) were applied for 1 hr. Antigen antibodyments and organelles, followed by disordered axoplasm
complexes were conjugated to horseradish peroxidase by the Eliteand degeneration of affected neurons. Interestingly,
ABC Kit (Vector Laboratories) and visualized with Cyanine 3 or Fluo-hyperphosphorylated Tau, a major component of neuro-
rescein using the TSA Fluorescence System (NEN Life Science Prod-
fibrillar tangles in AD (Kosik et al., 1986), also accumu- ucts) or 3,3-4,4-diaminobenzidine (DAB; Sigma).
lates in brains of aged Jnk1/ mice (Figure 4B). How-
ever, immunoblot analysis using the AT-8 antibody Electron Microscopy and Tomographic Reconstruction
Tissue for EM was prepared as described (Hessler et al., 1992) andagainst Tau phosphorylation at Ser202 revealed eleva-
sectioned at either 80 nm (thin-sectioned material) or 0.5 m (thick-tion only in brains of Jnk1/ mice older than 3 to 4 months
sectioned material). Thin-sectioned material was examined using aof age (data not shown). Tau is predominately expressed
JEOL 1200EX electron microscope. Thick-sectioned material wasin axons (Desai and Mitchison, 1997). Accumulation of
examined with a JEOL 4000EX electron microscope, operating at
hyperphosphorylated Tau may contribute to neurode- 400 keV. Volume content of the thick sections was revealed by
generation of Jnk1/ axons in older mice. The exact tomographic reconstruction. The 0.5-m-thick sections were tilted
from 60
 to 60
 of rotation, and electron micrographs were takenmechanism by which loss of JNK1 results in Tau hyper-
at 2
 increments. These 61 tilt angles were digitized, aligned, andphosphorylation is not clear and most likely is indirect.
back projected to generate volume information (Hessler et al., 1992).So far several genes and proteins involved in early
Manual tracing was made from computer-generated slices usingneuronal development were found to be associated with
Xvoxtrace software to delineate the MTs. Sequential representatives
neurodegeneration (Bothwell and Giniger, 2000). Al- of MTs in each volume unit were used to construct three-dimen-
though JNK1 and JNK2 are required for early neuronal sional graphic representations with the Synu software package
(Hessler et al., 1992). Colors were chosen manually for a given MT.development (Kuan et al., 1999; Sabapathy et al., 1999),
MT distance within the reconstructed volume was measured by theit is not clear how they exert their developmental func-
XDEND program (Hessler et al., 1992). MT distance was calculatedtion. Our results suggest that JNK1 is involved in normal
directly on the basis of the traced morphologies after pixel size wascellular homeostasis in CNS neurons by controlling MT
converted to microns.
integrity. Future studies should examine whether JNK1-
mediated MAP2 phosphorylation is used to modulate Two-Dimensional Gel Electrophoresis
the stability of neuronal MTs in response to environmen- and Immunoblot Analysis
Partially purified MTs (40–50 g) or brain lysates (100–110 g pro-tal stimuli and thereby influence neuronal functions. We
teins) were loaded onto isoelectric focusing (IEF) tube gels (9.5 Mpostulate that it is likely that JNK1-mediated MAP2
urea, 3% ampholine [pH 4.5–5.5], 1% ampholine [pH 3.5–10], andphosphorylation is part of a feedback loop whose role
2% Triton-X-100). IEF was performed at 400 V for 16 hr, followed
is to maintain MT integrity under adverse conditions. by 1 hr at 800 V. The proteins were resolved in the second dimension
Notably, treatment of cells with MT depolymerizing by standard SDS-PAGE and transferred to a polyvinylidene fluoride
agents results in JNK activation (Yujiri et al., 1999). Fur- membrane (Immobilon P), followed by incubation with primary anti-
bodies to MAP2 (Sigma) or MAP1B (Santa Cruz Biotech). Phospha-thermore, several components of the JNK activation
tase treatments were performed by incubating samples with alkalinepathway, such as MEKK1, are associated with MTs (Yu-
phosphatase (New England Biolabs) for 1 hr at 37
C prior to 2D geljiri et al., 1999). Therefore, depolymerization of MTs may
electrophoresis/immunoblot analysis. MAP2 polypeptides purified
be sensed by MEKK1 (or related MAP3Ks), leading to from wt and Jnk1/ brains were analyzed using ZOOM IPGRunner
JNK activation. Activation of JNK1 results in increased 2D electrophoresis system (pH 3–10) (Invitrogen).
MAP2 phosphorylation, which in turn promotes MT as-
sembly. Perturbation of this regulatory loop could be Protein Preparations
Partially purified MTs were prepared from fresh mouse brains byinvolved in neurodegenerative diseases, whose signs
two cycles of temperature-dependent assembly and disassemblyare quite similar to the neuronal degeneration exhibited
in PIPES buffer (Vallee, 1986). MAP1B and MAP2 polypeptides wereby adult and aging Jnk1/ mice.
purified as described (Vallee, 1986; Johnson et al., 1991). Binding
of MAP2 to MTs was examined as described (Itoh et al., 1997). The
Experimental Procedures ratio of bound MAP2 to total MAP2 was determined by densitometry.
The polymerization-promoting activity of partially purified MAP2 was
Mice measured by a light scattering assay (Herzog and Weber, 1978).
Mice deficient in JNK1 or JNK2 were previously described (Sabapa- Solution turbidity was continuously monitored at 350 nm over 20
thy et al., 1999). Jnk1/ or Jnk2/ mice were obtained by inter- min.
crossing of Jnk1/ or Jnk2/ mice. Jnk1/Jnk2/ mice were
generated from intercrosses of Jnk1/Jnk2/ mice. The Jnk1/ Kinase Assays
and Jnk2/ mice utilized in this work were obtained from C57BL/ MT preparations or purified MAP2 proteins were subjected to phos-
6J  129sv (F2) heterozygotes backcrossed to the C57BL/6J strain phorylation with recombinant JNK (Xia et al., 1998). Glutathione
for seven generations. S-transferase (GST) fusion proteins including GST-JNKK1, GST-
JNKK2, GST-JNK1, GST-JNK2, and GST-cJun(1-79) were prepared
as described (Xia et al., 1998).Histopathology and Immunohistochemistry
Brains of newborn mice between P0 and P12 were removed and
fixed in 4% paraformaldehyde in PBS overnight, washed at 4
C in Phosphopeptide Analysis
MAP2 polypeptides derived from mice or in vitro phosphorylatedPBS, embedded in OCT compound (Baxter), cryosectioned at 15
m, and allowed to air dry overnight. Adult brains were removed MAP2 polypeptides immobilized on membranes were subjected to
CNBr or chymotrypsin digestion as described (Boyle et al., 1991).after pericardial perfusion with a 4% paraformaldehyde solution and
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The resulting fragments were analyzed on 24% Tris-Tricine gels for Herzog, W., and Weber, K. (1978). Fractionation of brain microtu-
bule-associated proteins. Isolation of two different proteins whichchymotrypsin digests and on 4%–12% NuPAGE gels (Invitrogen)
for CNBr digests. stimulate tubulin polymerization in vitro. Eur. J. Biochem. 92, 1–8.
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